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Materials with strong electronic Coulomb interactions play an increasing role in modern mate-
rials applications. “Thermochromic” systems, which exhibit thermally induced changes in their
optical response, provide a particularly interesting case. The optical switching associated with the
metal-insulator transition of vanadium dioxide (VO2), for example, has been proposed for use in
“intelligent” windows, which selectively filter radiative heat in hot weather conditions. In this work,
we develop the theoretical tools for describing such a behavior. Using a novel scheme for the cal-
culation of the optical conductivity of correlated materials, we obtain quantitative agreement with
experiments for both phases of VO2. On the example of an optimized energy-saving window setup,
we further demonstrate that theoretical materials design has now come into reach, even for the
particularly challenging class of correlated electron systems.
PACS numbers:
The concerted behavior of electrons in materials with
strong electronic Coulomb interactions causes an extreme
sensitivity to external stimuli, such as temperature, pres-
sure or external fields. Heating insulating SmNiO3 be-
yond 400 K or applying a pressure of just a few kbar to
the Mott insulator (V1−xCrx)2O3 (x=0.01), e.g., make
the materials undergo transitions to metallic states [1].
This tuneability of fundamental properties is both a
harbinger for diverse technological applications and a
challenge for a theoretical description. Indeed, many
materials used in modern applications fall in this class
of strongly correlated materials where electron-electron
interactions profoundly modify (if not invalidate) a pure
band picture. State-of-the-art first principles methods,
such as density functional theory, are then no longer suf-
ficient to predict physical properties of these compounds.
An increasing role is nowadays played by artificial
structures, ranging from spintronic multi-layers [2, 3] to
functional surfaces, where appropriate coatings e.g. pro-
vide a self-cleaning mechanism [4]. However, the huge
freedom in the design, which concerns not only the chem-
ical composition, the doping and the growth conditions,
but also the geometry of the setup (e.g. the layer thick-
nesses), makes the search for devices with specific elec-
tronic properties a tedious task. Ideally, the quest for
promising materials and setups should therefore be sec-
onded by theoretical predictions. Yet, the abundance
of fruitful experimental work on tailoring e.g. materials
with specific optical absorption profiles is met with only
scarce contributions from theoretical investigations [5].
Here, we demonstrate that even for the particularly
challenging class of correlated materials a quantitative
description, and thus predictions, are possible. We in-
troduce a novel scheme for the calculation of optical
properties, which can in principle be employed in con-
junction with any electronic structure technique that
uses localized basis functions. We shall demonstrate the
power of the approach within the framework of the com-
bined density functional - dynamical mean field method
“LDA+DMFT” [6], on the example of the optical con-
ductivity of vanadium dioxide, VO2. We further inves-
tigate VO2 based heterostructures and show that the-
oretical materials design of correlated material-derived
devices is coming into reach.
Within dynamical mean field theory, emphasis is com-
monly put on spectral properties, and the evaluation of
observables other than spectral functions is a rather new
advancement in the realistic context. Yet, as explained
above, it is the response behavior of correlated systems
that is promising for applications. In this vein, recent pi-
oneering work [7, 8, 9, 10, 11] has successfully described
qualitative features of the optical response of several cor-
related materials. The calculation of absolute values in
theoretical response functions – a prerequisite for quanti-
tative theoretical materials design – has, however, turned
out to be a formidable challenge. This is mainly due to
the sensitivity of the obtained results on the accuracy of
the transition matrix elements [12].
In the framework of linear response theory, and when
neglecting vertex-corrections [16], the optical conductiv-
ity can be expressed as (for reviews see [12, 17])
Reσαβ(ω) =
2pie2~
V
∑
k
∫
dω′
f(ω′)− f(ω′ + ω)
ω
× tr
{
Ak(ω
′ + ω)vk,αAk(ω
′)vk,β
}
(1)
Correlation effects enter the calculation via the spec-
tral functions Ak(ω), while the Fermi velocities vk,α =
1
m
〈kL′|Pα|kL〉, matrix elements of the momentum oper-
ator P , which weight the different transitions, are deter-
mined by the band-structure. Both, spectral functions
and velocities are matrices in the basis of localized or-
bitals, indexed by L = (n, l,m, γ), with the usual quan-
tum numbers (n, l,m), while γ denotes the atoms in the
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FIG. 1: Optical conductivity of (a) metallic, (b) insulating VO2 for polarizations E. Theory (red) ([aab]=[0.85 0.85 0.53]),
experimental data (i) single crystals [13] (green), (ii) thin film [14] (solid blue), (iii) polycrystalline film [15] (dashed blue).
unit cell : |kL〉 is the Fourier transform of the Wannier
function χ
RL(r) localized at atom γ in the unit cell R.
The Fermi functions f(ω) select the range of occupied
and empty energies, respectively, V is the unit-cell vol-
ume, α,β denote cartesian coordinates, and Reσαβ is the
response in α−direction for a light polarization E along
β. Approaches such as LDA+DMFT [6] require the use
of localized, Wannier-like, basis sets, rendering the eval-
uation of the full matrix element tedious. To this end, we
developed a “generalized Peierls” approach that extends
the formalism for lattice models (see the review [17]) to
the realistic case of multi-atomic unit cells. We find that
vL
′L
k,α =
1
~
(
∂kαH
L′L
k
− ı(ραL′ − ρ
α
L)H
L′L
k
)
+ FH
[
{χ
RL}
]
(2)
Here, ρL denotes the position of an atom within the unit-
cell. The term in brackets, which is used in the actual cal-
culations, we refer to as the “generalized Peierls” term :
While the derivative term is the common Fermi velocity,
the one proportional to the Hamiltonian originates from
the generalization to realistic multi-atomic unit-cells.
The correction term that recovers the full matrix element
is denoted F (for its explicit form see [12]). The latter
reduces to purely atomic transitions, (R, γ) = (R′, γ′),
in the limit of strongly localized orbitals. In other words,
the accuracy of the approach is controlled by the choice of
basis functions. This generalized Peierls approach is thus
expected to be a good approximation for systems with lo-
calized orbitals, such as the 3d or 4f orbitals in transition
metal or lanthanide/actinide compounds. This expecta-
tion is indeed true as can be verified numerically [12].
From the optical conductivity, one can calculate the spec-
ular reflectivity and transmittance. Therewith, also the
specular color of the material becomes accessible [34].
Our focus compound, VO2, has attracted a lot of at-
tention recently [18, 19]. It is among those materials
in which correlation effects play a decisive role, to the
extent that standard band-structure approaches fail to
capture even most basic experimental facts : In metallic
VO2, important incoherent spectral features witnessed
by photoemission experiments are absent in band the-
ory, and the metal-insulator transition at Tc=340 K is
missed altogether. For reviews see e.g. [12, 20] and
references therein. Hence, any description of the ther-
mochromic properties of this material must foot on an
electronic structure approach that goes beyond band-
theory and masters the many-body effects at work. In-
deed, LDA+DMFT results for the spectral properties of
VO2 agree well with experimental findings in both, the
metallic [21, 22, 23] and the insulating phase [23]. Foot-
ing on the electronic structure calculation of Ref. [23]
and our recent extension thereof [24, 25], we first employ
our scheme to access optical properties of bulk VO2 both
above and below its metal-insulator transition.
Fig. 1(a) shows our results for the optical conductivity
of metallic VO2 as a function of frequency and in com-
parison with experimental data [13, 14, 15], see also [19].
As can be expected from the crystal structure [20], the
optical response depends only weakly on the light po-
larization. The Drude-like metallic response is caused by
transitions between narrow vanadium 3d excitations near
the Fermi level, and thus affects only the low infra-red
regime – a crucial observation as seen in the following.
The shoulder at 1.75 eV still stems from intra-vanadium
3d contributions, while transitions involving oxygen 2p
orbitals set in at 2 eV, henceforth constituting the major
spectral weight up to the highest energies of the calcula-
tion. Also for insulating VO2, see Fig. 1(b), the results
are in good agreement with experiments. This time, a
slight polarization dependence is seen in both, experi-
ment and theory, owing to the change in crystal sym-
metry. Indeed, vanadium atoms pair up in the insulator
to form dimers along the c-axis, leading to the forma-
tion of bonding/anti-bonding states for 3d orbitals [28].
Optical transitions between these orbitals result, in the
corresponding energy range (ω=1.5-2.5 eV), in a higher
amplitude of the conductivity for a light polarization par-
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FIG. 2: Setups of an intelligent window. (a) VO2 on SiO2. Reflectivity at high (dashed) and low temperatures (solid). Theory
(red) : 60 nm VO2 on SiO2. Experiments : 50 nm VO2 on SiO2 [26] (green), 50 nm VO2 on Pyrex glass [27] (blue). (b),
(c) Setup with antireflexion coating : TiO2 / VO2 on SiO2. Shown is the normalized visible transmittance (see text) an the
corresponding color of the transmitted light for (b) high and (c) low temperature as a function of the layer thicknesses dVO2
and dTiO2 . All theoretical data for E ‖ [11¯0] polarization, and a 3mm SiO2 substrate.
allel to the c-axis than for other directions [12].
Having established the theoretical optical response of
bulk VO2, and thus verified that our scheme can quan-
titatively predict optical properties of correlated mate-
rials, we now investigate the possibilities of VO2-based
intelligent window coatings [29, 30]. The effect to be ex-
ploited can already be seen in the above bulk responses :
The conductivities of both phases (Fig. 1(a), (b)) exhibit
a close similarity in the range of visible light (ω=1.7-
3.0 eV), whereas in the infra-red regime (ω<1.7 eV) a
pronounced switching occurs across the transition. As
a result, heat radiation can pass at low external tem-
peratures, while its transmission is hindered above Tc.
The insensitivity to temperature for visible light, in con-
junction with the selectivity of the response to infrared
radiation, is an essential feature of an intelligent window
setup. Yet, for an applicable realization, other important
requirements have to be met. First of all, the switch-
ing of the window has to occur at a relevant, that is
ambient, temperature. Also, the total transmittance of
VO2-films in the visible range needs improvement [29],
and the transmitted visible light should be uniform in
order to provide a colorless vision. Experimentalists
have addressed these issues and have proposed poten-
tial solutions [5] : Diverse dopings, MxV1−xO2, were
proved to influence Tc, with Tungsten (M=W ) being
the most efficient : A doping of only 6% results in Tc≈
20◦C [31]. However, this causes a deterioration of the
infrared switching. Fluorine doping, on the other hand,
improves on the switching properties, while also reduc-
ing Tc [32, 33]. An increase in the overall visible trans-
mittance can also be achieved without modifying the in-
trinsic properties of the material itself, but by adding
antireflexion coatings, for example TiO2 [26].
Here, we address the optical properties of window coat-
ings from the theoretical perspective. In doing so, we
assume that the specular response of VO2 layers is well-
described by the optical properties of the bulk, and we
use geometrical optics to deduce the properties of lay-
ered structures. First, we consider the most simple of
all setups, which consists of a single VO2-layer (of thick-
ness dVO2) on a glass substrate [35]. Such a window has
been experimentally investigated by Tazawa et al. [27]
and Jin et al. [26]. In Fig. 2a we show their measured
reflectivity data as a function of wavelength, in compar-
ison with our theoretical results : At low temperatures
(insulating VO2), the calculated reflectivity is in quan-
titative agreement with the experimental data. In the
visible range (λ≈400-700 nm), the reflectivity strongly
depends on the wavelength. Therefore, the current win-
dow will filter certain wavelengths more than others, re-
sulting in an illumination of a certain color – an obvi-
ous drawback. Moreover, the reflectivity in this region
is rather elevated, causing poor global transmission. In
the infrared regime (λ>700 nm) – and beyond – the re-
flectivity decreases, and radiation that causes greenhouse
heating can pass the setup. At high temperatures, the
infrared reflectivity switches to a rather elevated value,
thus filtering heat radiation. The changes in the visi-
ble region are less pronounced, but still perceptible, and
both, the degree of transparency and the color change
through the transition. The current setup is thus not yet
suited for applications.
We therefore now investigate a more complicated
setup : An additional (rutile) TiO2-coating is added on
top of the VO2-layer, with the objective of serving as an
antireflexion filter [26]. With the thicknesses dVO2 and
dTiO2 , the geometry of the current setup has two param-
eters that can be used to optimize the desired optical
properties. Since, however, each variation of them re-
quires the production of a new individual sample under
comparable deposition conditions, along with a careful
structural characterization in order to guarantee that dif-
ferences in the optical behavior are genuine and not re-
lated to variations of the sample quality, the experimen-
tal expenditure is tremendous. This led Jin et al. [26] to
4first estimate a highly transmitting setup by using tabu-
lated refractive indices and to produce and measure only
one such sample. Here, we shall use our theoretical re-
sults on VO2 to not only optimize the geometry (dTiO2 ,
dVO2) with respect to the total visible transmittance, but
to also investigate the transmission color. Fig. 2 displays
the normalized visible specular transmittance [36] for the
window in its high (b) and low (c) temperature state, as a
function of both film thicknesses. On the same graph the
resulting transmission colors are shown. The evolution
of the light interferences in the layers causes pronounced
changes in both, the overall transmittance and the color.
The coating of VO2 globally degrades the transparency of
the bare glass window. An increase of the TiO2-coating,
on the other hand, has the potential to improve the total
transmittance. This can be understood from the mech-
anism of common quarter-wave filters. The wavelength-
dependence of the real-part of the TiO2 refractive in-
dex, nTiO2(λ), results in an optimal quarter-wave thick-
ness, δTiO2(λ)=λ/(4nTiO2(λ)), which varies from blue to
red light only slightly from δTiO2(λ)=40 to 60 nm. This
and the fact that the imaginary part of the refractive
index, kTiO2(λ), is negligible for visible light explains
why the color does not change significantly with dTiO2 .
While, as for TiO2, the variation of the real-part of
the VO2 refractive index yields a rather uniform ideal
thickness δVO2(λ), its imaginary part changes signifi-
cantly (by a factor of 4) within the range of visible light.
As a consequence, the color is very sensitive to VO2-
deposition. At higher thickness dVO2 , however, this de-
pendence becomes smaller and the color lighter. Our
theoretical transmittance profiles suggest relatively thick
windows to yield good visual properties. Indeed, at low
temperatures, Fig. 2(c), the local maximum that gives
the thinnest window is located at (dTiO2 , dVO2)≈(40 nm,
85 nm) within our calculation. However, this setup is
still in the regime of important color oscillations. Given
the uncertainties in industrial deposition techniques, it
seems cumbersome to consistently stabilize colorless sam-
ples. From this point of view, a thicker VO2-film would
be desirable. Indeed, while almost preserving the over-
all transmittance, a colorless window at low temper-
atures is realized for (dTiO2 , dVO2)≈(50 nm, 220 nm),
or for (dTiO2 , dVO2)=(≥100 nm, 220 nm). In the high
temperature state, Fig. 2(b), the transmittance is glob-
ally lower than at low temperatures. Moreover, only
(dTiO2 , dVO2)=(≥ 100 nm, 220 nm) yields a simultane-
ously high transmittance in both states of the window.
In conclusion, we have presented a novel scheme for
the calculation of optical properties of correlated mate-
rials, and applied it to vanadium dioxide, VO2. We find
the bulk optical conductivity of both phases in quanti-
tative agreement with experiments, and further validate
our approach by comparing the transmittance of a VO2-
layer on SiO2 to experimental data. Finally, we optimize
the geometry of a multi-layer setup of an intelligent win-
dow, which uses the metal-insulator transition of VO2 to
reduce the effect of greenhouse heating. This work can
be considered as a proof of principle of the feasibility of
theoretical materials design, since our techniques can be
applied to the general class of correlated materials.
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